INTRODUCTION
Model predictive control (MPC) is a process control in which the future control inputs and system response are predicted at regular intervals with respect to a performance index using a system model [1] . MPC has been found to be well suited for the control of power converters [2] - [13] . In practice, most predictive models are designed based on the socalled nominal model of the power converter, which is a simplified approximated model of the actual power converter since the precise description of the actual model in state-space form is impossible. Besides, power converters may have varying parameters of temperature, operating condition, and lifetime, which are susceptible to external disturbance. This leads to a parametric mismatch between the actual system and the predictive system, which results in the actual system to operate with non-negligible steady-state errors [14] and may violate the required regulation standards. Therefore, it is necessary to compensate the control set such that this error can be mitigated. Several schemes have been proposed to overcome such steady-state errors [10] - [12] . In [10] , a Kalman filter is added with MPC to account for unmeasured load variations and to achieve zero steady-state errors. In [11] , the proposed adaptive robust predictive current control (ARPCC) removes the current error works in parallel with the deadbeat algorithm. In [12] , MPC with integrator is proposed to reduce the steady-state errors both at the sampling instant and during the intersampling. To integrate the merits of the strategies proposed in [10] - [12] and also extensively simplifying the algorithm, a method that adaptively compensate the control set to mitigate the steady-state errors, which is achieved through the application of trajectory-based control [15] - [18] to the existing framework of MPC, is proposed in this paper. This method is known as adaptive reference model predictive control (ARMPC).
ARMPC has two important components. The first is the virtual references. The predictive strategy in ARMPC exists only to track the virtual references. The other component is the virtual multiple-input-multiple-output (MIMO) system, which derives the virtual references as outputs that are based on the state trajectories in the state plane. The measured change of trajectories reflects the instantaneous status of the system including the variation of the external disturbance or the presence of a model parameter mismatch. The model of the virtual MIMO is flexible. The selection of the algorithm is dependent on the requirement of the output performance and natural properties of the controlled plant. Compared with MPC with Kalman filter, ARMPC can be easily realized by a simple algorithm, using techniques of linear fitting, polynomial fitting, and Gaussian fitting, etc., to achieve the necessary steady-state performance of the system. This enables the implementation of ARMPC using simple micro-controllers. Besides, ARMPC is free of tuning. All the adaptive process is automatically done via measurement and online calculation. This is not the case for the MPC with integrator, which requires tuning of the weighting factor for the integral term and ARPCC needs tuning for the observe gain L0 and the adaption integrator gain ki. For large-scale nonlinear model mismatch, the system under the control of MPC with integrator has inferior steadystate performance than that under the control of ARMPC.
In this paper, ARMPC is applied to a single-phase fullbridge voltage source inverter (VSI) for illustration. The advantages of ARMPC over the conventional MPC and MPC with integrator in steady-state performance are experimentally provided. While the illustration of the use of ARMPC in this paper is focused only on the VSI, the proposed ARMPC is widely applicable to all power electronics.
II. STEADY-STATE TRACKING ISSUES OF MPC
Most previous works on VSI controlled by MPC are limited to current control and RL load [4] - [7] . However, for most applications, MPC based on voltage control is more applicable for VSI with LC filter (see Fig. 1 ). With this, the discrete model of VSI using the Euler's forward method [19] will be
where Ts is the sampling time, iL is the inductor current, vC is the capacitor/load voltage, Vdc is the DC input voltage, and u is the control signal. Using the two-step-ahead prediction [11] , the predicted voltage at the sampling time k+1 for the MPC at the sampling time k is
Then, the expression of the cost function can be formulated as
where vref(k+1) is the actual reference at sampling time k+1, and y and y are the weighting factors.
Then, the trajectory for tracking the reference can be recovered by solving
and the corresponding control diagram can be depicted as shown in Fig. 2 . In trajectory-based control, the natural trajectories of a system will ideally correspond to its actual state-space model [15] . If model parameter mismatch exists, the natural trajectories will be changed (see Fig. 3 ). If the operating trajectory is made to follow a nominal predictive law, the performance of the controlled system will be deteriorated. As shown in Fig. 4(a) , when a model mismatch occurs, the state trajectory moves from circle A to circle B. Fig. 4 III. PROPOSED ARMPC FOR VSI Consider the illustration given in Fig. 5 which shows an extreme case where model mismatch exists throughout the entire operation of the VSI. After the appearance of a model mismatch, the root mean square (RMS) value of the output of MPC is shifted from point A to B to C to D to E and then to F. However, if this RMS value can be made to track a set of socalled virtual references y'ref1 to y'ref4 instead of the actual reference while still based on the nominal state-space model of the system, the steady-state errors in the system controlled by the MPC can be eliminated. Therefore, acquisition of the virtual references is critical in the actualization of ARMPC.
on virtual references The approach of deriving a virtual MIMO system for generating the virtual references is proposed. The function of the virtual MIMO system can be briefly explained using Fig. 6 . Steady-state errors exist between the operating trajectory and the actual reference trajectory. If the virtual reference trajectory C inside the actual reference trajectory A is tracked, the operating trajectory can be relocated to operate on the actual reference trajectory A instead of the trajectory B. Conversely (not shown in the figure), if the operating trajectory is located inside the actual reference trajectory, the virtual reference trajectory which is outside the actual reference trajectory will be tracked. Hence, the virtual MIMO system can robustly make the operating trajectory to move in accordance with the actual reference trajectory. In terms of implementation, the virtual MIMO system is built up of a series of past data which can be the positions of the state variables and virtual references. 
and 2n past data of these errors
are stored and adopted for the virtual MIMO system. Meanwhile, the corresponding variation of virtual references for the last n sampling moment are denoted as
In this paper, considering the scale of the model mismatch in the experiments, the virtual MIMO system is achieve via linear fitting. Then, the virtual MIMO system can be mathematically described as
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Then, (9) is applied with
obtain the variation of the virtual reference This rolling process will instantaneously gain the information of model mismatch of the system and produce variation of the virtual references in real time. The flowchart of the algorithm for the VSI with ARMPC is shown in Fig. 7 .
IV. EXPERIMENTAL VERIFICATION AND DISCUSSION
The experiment is conducted on a Texas Instruments' C2000 TM Solar DC/AC VSI. The control used is Texas Instruments' digital signal processor (DSP) F28069 Piccolo controlCARD. The DC power supply is California Instruments' programmable source CSW5550. The specifications of the VSI are given in Table I . All the values of dominant components are provided by the TI Company, which can be found in the datasheets [20] 
The VSI is initially controlled by the MPC with the nominal model. The RMS value of vC being measured by the multimeter is around 106.001 V at steady state, which is a 3.64% deviation from the reference when VSI is controlled by MPC. However, when controlled by ARMPC, the steady-state RMS value of vC is about 110.042 V, which is 0.04% deviation from the reference. In reality, model mismatch exists between the nominal model based on the specifications of VSI provided by datasheet and the actual VSI. If a controller employing the MPC is still designed based on the nominal model, steady-state errors will exist. If ARMPC is adopted, the steady-state errors caused by the model mismatch are eliminated. Meanwhile, the MPC with integrator being proposed in [12] is adopted with a proper tuning of Ki=0.25. The steady-state residuals are nearly removed as shown in Fig.  8(c) . On the other hand, it is possible to tune by trail-and-error (since precise model is unavailable), an optimal predictive model for MPC and the results of the VSI controlled by MPC based on the optimal model can be obtained as shown in Fig.  9(a) . Apparently, MPC with the optimal model has an excellent regulation performance and the RMS value of vc is about 110.040 V at steady state, which is about 0.04% deviation from the reference. Meanwhile, the VSI controlled by ARMPC and MPC with integrator using the same optimal model can also have an equivalently good performance with the RMS value of vc being 110.040 V and 109.832 V at steady state, which is about 0.04 % and 0.15 % deviation from the reference, as can be seen in Fig. 9(b) and Fig. 9(c) , respectively.
Then, assume that one bulb is burnt out. So, one 20 W bulb is removed, leaving only two 20 W bulbs as loads. Even with the optimal model, the RMS value of vc is about 112.511 V at steady state, which is 2.28 % deviation from the reference when VSI is controlled by MPC, as can be seen in Fig. 10(a) . However, the RMS value of vc is about 110.059 V at steady state, which is about 0.05 % deviation from the reference when VSI is controlled by ARMPC with the optimal model, as shown in Fig. 10(b) . Fig. 10(c) presents the steady-state RMS value of vc is 108.843 V under the control of MPC with integrator, which is about 1.05 % deviation from the reference, being slightly larger than the deviation of ARMPC. The comparisons of steady-state performance of VSI when the load changes from three 20 W bulbs to one 20 W bulb between MPC, ARMPC, and MPC with integrator are also conducted (waveforms are not shown in the paper). With the optimal model, the RMS value of vc is about 113.091 V at steady state, which is 2.81 % deviation from the reference when VSI is controlled by MPC. However, the RMS value of vc is about 110.060 V at steady state, which is about 0.05 % deviation from the reference when VSI is controlled by ARMPC with the optimal model. As for the MPC with integrator, the RMS value of vc is 1.67 % deviation from the reference. Obviously, VSI being controlled by ARMPC has better steady-state performance than VSI being controlled by MPC and MPC with integrator. MPC with integrator with a selected tuning Ki = 0.25 can guarantee one optimal operating condition to have almost zero steady-state error, but gradually lost its advantage over the conventional MPC when the operation is shifted far away from the optimal operating point. Hence, ARMPC can be perceived as a type of auto-tuning MPC with integrator, which achieves almost zero steady-state error of VSI over a wide operating range. Additional verification for the conclusions made can also be found in the comparative results of the load change (one bulb out and two bulbs out) by MPC, ARMPC, and MPC with integrator based on the nominal model. To clearly identify the differences between three controllers, a bar-chart based comparison is given in Fig. 11 . Apparently, the VSI controlled by ARMPC will always have a better steady-state performance than the VSI controlled by MPC and MPC with integrator when the load deviates from the nominal value. More importantly, it is shown that ARMPC is highly tolerant to parameter shifts and the model it adopts in this situation does not affect its steady-state control performance.
Then, experiments are performed on the VSI based on the change of Vdc to study the effect of input voltage change on the output control performance. First, Vdc is changed from 165 V to 180 V. Fig. 12(a) shows that with the optimal model, the RMS value of vc with MPC with 180 V input is about 111.611 V at steady state, which is a 1.46 % deviation from the reference when VSI is controlled by MPC at 165 V. However, in Fig. 12(b) , the RMS value of vc is about 110.058 V at steady state, which is about 0.05 % deviation from the reference when VSI is controlled by ARMPC. In Fig. 12(c) , when VSI is regulated by MPC with integrator, the steadystate error is also nearly 0.02 % deviation from the reference. Apparently, VSI controlled by ARMPC and MPC with integrator having better steady-state performance than VSI being controlled by MPC is once again verified. Besides, note that MPC with integrator possess comparable off-set compensation ability to ARMPC for the change of Vdc. Then, several values of Vdc changing from 165 V to 195 V at 5 V intervals are used for the same experiment.
The curves are shown in Fig. 13 . As shown, the VSI controlled by ARMPC will always have a better stead-state performance than the VSI controlled by MPC when the input voltage changes. Besides, the performance of ARMPC is unaffected by the model used. Meanwhile, MPC with integrator also performs well at steady state when the input voltage is varied. Table II gives a comparison of the RMS value of the output voltage vc(RMS) of the VSI with MPC, ARMPC, and MPC with integrator for all different cases. Except for the optimal model case where both MPC and ARMPC have a relative error of 0.04 %, almost all the other cases for MPC have a relative error of greater than 1 % with the largest error being 3.64 %. For ARMPC, all errors are kept within 0.1 %. MPC with integrator is also capable of regulating the relative error within 0.1 % when the input voltage fluctuates, but a load change will deteriorate its steady-state performance to a maximum of 1 %.
V. CONCLUSIONS
It has been explained that the method of model predictive control (MPC) applied for controlling power converters will induce non-negligible steady-state errors of the controlled outputs when there is model mismatch. Therefore, various methods, such as MPC with Kalman filter and MPC with integrator have been applied to eliminate the steady-state residues. In this paper, an alternative approach, known as adaptive reference model predictive control (ARMPC) that is based on the trajectory-based control theory and built upon the framework of MPC, is proposed as an alternative means of controlling power electronics of such nature. Instead of tracking the actual references, ARMPC is designed to track the so-called virtual references. As compared with conventional methods, particularly MPC with Kalman filter, the proposed ARMPC can be easily implemented by a lowperformance inexpensive digital controller. As an illustration, the proposed ARMPC has been applied to a single-phase fullbridge voltage source inverter (VSI). The experimental results show that the ARMPC will always give a better steady-state performance than the MPC when there exists a model mismatch, load change, and input voltage change. Besides, as compared with MPC with integrator, ARMPC is free of tuning and operates efficiently over a wider operating range.
